A B s T R A C T Studies were undertaken to define the mechanism whereby bile acid facilitates fatty acid and cholesterol uptake into the intestinal mucosal cell. Initial studies showed that the rate of uptake (Jd) of several fatty acids and cholesterol was a linear function of the concentration of these molecules in the bulk phase if the concentration of bile acid was kept constant. In contrast, Jd decreased markedly when the concentration of bile acid was increased relative to that of the probe molecule but remained essentially constant when the concentration of both the bile acid and probe molecule was increased in parallel. In other studies Jd for lauric acid measured from solutions containing either 0 or 20 mM taurodeoxycholate and saturated with the fatty acid equaled 79.8±5.2 and 120.8±9.4 nmol[min-' 100 mg1, respectively: after correction for unstirred layer resistance, however, the former value equaled 113.5±7.1 nmol min-' 100 mg-'. Maximum values of Jd for the saturated fatty acids with 12, 16, and 18 carbons equaled 120.8±9.4, 24.1±3.2, and 13.6±+1.1 nmol min-' 100 mg-', respectively. These values essentially equaled those derived by multiplying the maximum solubility times the passive permeability coefficients appropriate for each of these compounds. The theoretical equations were then derived that define the expected behavior of Jd for the various lipids under these different experimental circumstances where the mechanism of absorption was assumed to occur either by uptake of the whole micelle, during interaction of the micelle with an infinite number of sites on the microvillus membrane or through a monomer Dr. Westergaard was a postdoctoral research fellow in gastroenterology while these studies were undertaken. His current address is Medical Department P, University Hospital, DK-2100 Copenhagen 0, Denmark. phase of lipid molecules in equilibrium with the micelle. The experimental results were consistent both qualitatively and quantitatively with the third model indicating that the principle role of the micelle in facilitating lipid absorption is to overcome unstirred layer resistance while the actual process of fatty acid and cholesterol absorption occurs through a monomer phase in equilibrium with the micelle.
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Received for publication 19 August 1975 and in revised form 2 March 1976. phase of lipid molecules in equilibrium with the micelle. The experimental results were consistent both qualitatively and quantitatively with the third model indicating that the principle role of the micelle in facilitating lipid absorption is to overcome unstirred layer resistance while the actual process of fatty acid and cholesterol absorption occurs through a monomer phase in equilibrium with the micelle.
INTRODUCTION
In various studies carried out in animals as well as in man it has been demonstrated that bile acids play an important rol-e in facilitating the absorption of various dietary fats by the gastrointestinal tract. There are quantitative differences, however, in the dependency of various lipids on the presence of these micelle-forming compounds. Fatty acids of medium chain length, for example, are absorbed nearly as well in the absence as in the presence of bile acid micelles. As the chain length is increased the fatty acids become progressively more dependent upon the presence of the bile acid micelle for efficient uptake into the mucosal cell, and, in the case of very nonpolar compounds such as cholesterol, essentially no absorption occurs in the absence of bile acids (1) (2) (3) (4) (5) . Despite considerable work in this area there is currently little information dealing with the exact mechanism(s) whereby the bile acid micelle actually enhances the rate of lipid uptake into the intestinal mucosal cell. However, the recent observation that an unstirred water layer adjacent to the luminal cell surface, and not the microvillus membrane, is actually rate limiting to the uptake of long chain fatty acids and steroids (6, 7) raises the possibility that the major physiological function of the bile acid micelle is to overcome this resistance and so augment lipid absorption.
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It is equally unclear how the individual lipid molecules carried in the micelle are actually transferred into the mucosal cell. Earlier workers postulated that the entire micellar particle might be taken up into the intestinal cell intact (8, 9) . However, more recent work from several laboratories has shown that the various constituent molecules carried in the micelle are absorbed at apparently independent rates suggesting that uptake must occur by some other mechanism (10) (11) (12) . The In all studies the stirring rate was kept constant at 600 rpm using a strobe light (7, 15) . At the end of the incubation the chambers were removed from the solutions, and the tissue was briefly rinsed in cold 0.9% NaCl solution. mg-') Determination of maximum solubility of fatty acids in Krebs-bicarbonate buffer. 50-ml solutions of octanoate, decanoate, dodecanoate, palmitate, and stearate were made up in Krebs-bicarbonate buffer as described above except that taurodeoxycholate was omitted. The ['C] fatty acids were added in amounts to give high specific aotivities and the unlabeled fatty acids were present in amounts to give a final concentration of octanoate, decanoate, dodecanoate, palmitate, and stearate equal to 22, 4, 1.5, 0.1, and 0.1 mM, respectively. In each case the final solution was grossly turbid and had visible microcrystals or oil droplets at the air-water interface. Four small dialysis bags containing 1.0-1.5 ml of Krebs-bicarbonate buffer were added to each solution and the beakers were sealed and placed in a metabolic shaker at 37°C. At 24-h intervals one dialysis bag was removed from each solution and triplicate 100 ,l samples were obtained from each bag. The bags and pipettes Nvere maintained at 37°C during sampling. Each 100 IAI sample was transferred to a scintillation vial and the pipette was rinsed 10 times with chloroform: methanol (2: 1) and the rinses also were added to the vial. The contents of the vial were taken to dryness under nitrogen, a triton-toluene scintillation fluid was added, and the amount of radioactivity 'Abbreviations used in this paper: C1, concentration of a solute molecule in the bulk buffer solution; C2, concentration of a solute molecule at the aqueous membrane interface; FA, fatty acid; Jd, rate of uptake. was assayed (16) . The concentration of each fatty acid in the Krebs-bicarbonate buffer in the dialysis bag was then calculated from the total radioactivity in solution divided by the appropriate specific activity. RESULTS Before beginning experiments designed specifically to elucidate the role of the bile acid micelle in facilitating lipid absorption, initial studies were undertaken to evaluate three technical aspects of the incubation procedure utilized in these studies. First, it was necessary to be certain that an adequate concentration of taurodeoxycholate, the bile acid used in these experiments, be present in the bulk perfusate so that the critical micelle concentration was clearly exceeded at the aqueousmicrovillus interface. To evaluate this important point, uptake of taurodeoxycholate into the jejunal mucosa was measured as a function of the concentration of the bile acid in the bulk buffer solution (C1), as shown in Fig. 1 . As is apparent, Jd achieved an essentially constant value above a bulk phase concentration of 20 mM. These data, therefore, are consistent with the view that micelles are present throughout the unstirred water layer and, most importantly, at the aqueous-membrane interface: the constant value of Jd above a concentration of 20 mM presumably reflects an essentially constant concentration of bile acid monomer against the microvillus surface. It should be emphasized that this relatively high concentration of bile acid was used to be certain that the critical micelle concentration was exceeded at the aqueous-membrane interface so that appropriate mathematical treatment of the data could be carried out. Under physiological circumstances the concentration of bile acid in the gut contents is lower so that the micelle might conceivably disintegrate before completely traversing the unstirred water layer. This does not alter the general principles pu.t forth in this paper since the FIGuRE 4 The effect of increasing the concentration of the probe molecules relative to that of the bile acid on the mucosal uptake of two long-chain FA and cholesterol. All of these studies were carried out using Krebs-bicarbonate buffer containing 20 mM taurodeoxycholate. Varying amounts, up to the limits of solubility, of palmitate (FA 16: 0), stearate (FA 18: 0), and cholesterol were dissolved in the incubation solutions over a prolonged period of time, as described in the Methods section, to give clear micellar solutions. In addition, an additional solution of each of the probe molecules was prepared in which the limits of solubility were exceeded so that the solutions were grossly turbid and contained a crystal phase. Each point represents the mean+1 SE for determinations in five to nine animals.
resistance of the diffusion barrier is reduced under any circumstance to the extent that the micelle does penetrate the unstirred water layer, but the mathematical treatment of such a circumstance becomes more complex. Second, since the results of this initial experiment indicated that subsequent studies must be undertaken using a bile acid concen,tration of 20 mM, it was essential to show that this concentration did not alter membrane permeability under the conditions of these studies. Data on this point have already been published (15) and show that there is no demonstrable effect. Third, since we have also previously shown that the presence of 20 mM taurodeoxycholate does change the volume of the adherent mucosal fluid (15) , it was also important to establish that this fluid layer was fully equilibrated with the volume marker. As shown in panel A of Fig. 2 , in the presence of 20 mM taurodeoxycholate, the adherent mucosal fluid volume required fully 6 min to become uniformly labeled and it reached the relatively high value of approximately 25 A4 100 mg-'. As seen in panel B, in this representative experiment the uptake of fatty acid (FA) 16:0 was linear with respect to time beyond 6 min of incubation and this relationship extrapolated to zero at 0 time. As anticipated, Jd obtained from mucosal specimens incubated for less than 6 min gave calculated values of Jd that were artifactually high because of incomplete equilibration of the volume marker at these incubation times. Identical results were obtained using cholesterol, FA 8:0, FA 10:0, FA The results of a third group of studies is illustrated in Fig. 5 where the uptake of FA 16: 0 and cholesterol was measured under circumstances where the concentration of the probe molecules was kept constant but the concentration of taurodeoxycholate was increased so that the ratio of the number of micelles to the mass of each probe molecule increased. As is apparent, in both instances Jd decreased strikingly as the concentration of taurodeoxycholate was increased.
In a fourth group of studies, illustrated in Fig. 6 , the Jd of FA 18: 0 and cholesterol was measured under circumstances where the concentration of both the probe molecule and taurodeoxycholate was increased in parallel so that the ratio of the two remained constant. Under these experimental conditions Jd increased only slightly as the concentration of the two respective probe molecules was increased over a four-to eightfold range.
Finally, to be able to properly interpret these data in quantitative terms, it was necessary to have values for the maximum solubility of the various FA at 37°C in the Krebs-bicarbonate buffer utilized in these various studies. As seen in panel A of Fig. 7 
DISCUSSION
In general terms, the unidirectional movement of solutes into various cells is determined by at least three factors: the concentration that the solute can attain in the bulk fluid perfusing the cell, the resistance encountered as the solute penetrates the unstirred layers around the cell, and the resistance encountered during molecular translocation across the cell membrane (17, 18) . Lipids, in general, commonly have low solubility in the bulk solution and, because of the very low free energy changes associated with movement of these solutes from the aqueous to the membrane phase, usually can passively penetrate cell membranes at very high rates. Indeed, for such compounds the resistance encountered in crossing the unstirred layers ou.tside the cell may exceed that encountered in crossing the cell membrane itself so that this diffusion barrier becomes absolutely rate limiting to cell uptake. Clearly this appears to be the situation in the intestine where the uptake of virtually all medium and long chain length FA and steroids has been shown to be diffusion-limited (6, 7).' Thus, it follows that the function of the bile acid micelle in augmenting lipid absorption must be explained in terms of reducing this resistance. Furthermore, any formulation of the exact mechanism by which this occurs must also explain the quantitative differences that exist in the dependency of different lipids on the presence of bile acids in the intestinal lumen for efficient absorption.
The experiments reported here provide data along several different lines that allow analysis of this problem in both qualitative and quantitative terms. In the presence of adequate amounts of pancreatic enzymes, 2 In unpublished studies we have shown that the Jd of members of a homologous series of saturated FA in perfused intestinal segments in vivo are essentially proportional to the free diffusion coefficient for each FA rather than to its passive permeabili,ty coefficient. This strongly suggests that under these in vivo experimental conditions, uptake is diffusion-limited. long chain FA and free cholesterol are generated from dietary lipids and partition into bile acid micelles also present in the bulk intestinal contents. These mixed micelles then diffuse towards the microvillus membrane at a rate determined by the unstirred layer resistance which is proportional to d/D Sw where D is the appropriate free diffusion coefficient for the mixed micelle, Sw is the effective surface area of the unstirred water layer through which diffusion takes place, and d is the effective thickness of this barrier. Once the micelle reaches the vicinity of the aqueous-membrane interface the con-*stituent lipid molecules carried in the mnicelle could be absorbed into the mucosal cell by at least three different mechanisms: (1) the micelle might be taken up into the cell intact, (2) the constituent lipids might partition into the cell membrane during a direct interaction or "collision" between the micelle and the cell membrane or, (3) absorption might occur only through the monomer phase of lipid molecules present in the aqueous environment in equilibrium with the lipids in the micelle. There are adequate data in the literature to exclude the first possibility since the various constituent molecules in the mixed micelle are absorbed at essentially independent rates and, therefore, there is no evidence that the uptake step occurs through a process akin to pinocytosis (10) (11) (12) .
In the second postulated mechanism it is assumed that These experimental results, then, provide qualitative data to support the conclusion that FA absorption occurs through a monomer phase. Two other sets of data based upon quantitative considerations also support this conclusion. First, as seen in Fig. 3 , Jd for FA 12: 0 equaled 79.8±5.2 nmol min-l 100 mg-and 120.8±9.4 nmol min'-100 mg-', respectively, when uptake was measured from solutions containing maximum concentrations of this FA in either buffer alone (0.72 mM) or buffer containing 20 mM taurodeoxycholate (13.6 mM). In the absence of the bile acid micelle the observed maximum Jd iS determined by the maximum concentration of FA 12: 0 achieved in the bulk perfusate (C1) and the resistance encountered as the FA crosses both the unstirred water layer and the microvillus membrane. In this situation the concentration of FA at the aqueous membrane interface (C2) can be calculated from the relationship (7) C = C., (JD)(d) (D) (Sw) (11) where d is the effective thickness of the unstirred water layer (1.37 x 10W' cm), D is the free diffusion coefficient for the FA (7.59 x 10-6 cm2 sec-') and Sw is the effective surface area of the unstirred water layer (11.7 cm2' 100 mg-') (7). From this calculation C2 equals 0.51 mM: using this value to factor out unstirred water layer resistance, the observed Jd in the absence of bile acid can be corrected from the value of 79.8±5.2 nmol min' 100 mg to 113.5±7.1 nmol min-' 100 mg. Thus, in this unique situation, even though the total concentration of FA in solution is increased nearly 20-fold by the presence of bile acid, the Jd is no greater than would be predicted if the only function of the micelle was to overcome unstirred layer resistance and maintain a maximum monomer concentration at C2.
Second, while accurate coefficients are not available for the partitioning of various long chain FA into the taurodeoxycholate micelle, it is reasonable to assume in the special circumstances where a micellar solution is fully saturated with a particular long chain FA that the nmol min'-100 mg-', respectively. Thus, taken together, these various lines of evidence provide strong support for the concept that during FA absorption there is no direct interaction between the micelle and the microvillus membrane: rather, uptake occurs only from the pool of FA in aqueous solution in equilibrium-with the micelle. Furthermore, the same mechanism appears to apply in the case of cholesterol absorption since, as shown in Figs. 4-6, the uptake of cholesterol into the mucosal cell also behaves as if it occurred through an intermediate soluble phase. Since an experimentally determined passive permeability coefficient is currently not available for cholesterol it is not possible, however, to provide additional quantitative data to support this conclusion.
In general terms, then, the process of lipid uptake into the intestinal mucosal cell takes place as follows. FA and free cholesterol are generated by enzymatic activity in the bulk intestinal contents and partition into the bile acid micelle. These mixed micelles then diffuse down the existing concentration gradient through the unstirred water layer surrounding the villi and reach the immediate vicinity of the aqueous-microvillus interface. Uptake of the lipid molecules then occurs at a rate determined by the product of -the passive permeability coefficient appropriate for each species, and the aqueous concentration of the molecule present at the microvillus surface. The concen.tration of the various lipids just inside the mucosal cell is presumably main-,tained at very low levels because of rapid esterification (2) while the concentration of -these molecules outside the cell membrane is maintained at a relatively high value because of constant partitioning of FA and cholesterol out of the mixed micelle as dictated by the partitioning coefficient appropriate for each lipid species. The net effect of these various processes is the rapid movement of various lipids and steroids into the mucosal cell. Theere is also .a finite concentration of bile acid monomers in solution in equilibrium with the bile acid molecules present in the micelle so that there is also passive uptake of these substances (12) : the rate of such uptake is low, however, because of the very low passive permeability coefficients for the various bile acids. Since the critical micelle concentration should increase at the aqueous-membrane interface as lipids are absorbed from the mixed micelle (19, 20) , the concentration of bile acid monomers is presumably higher at the aqueous-membrane interface than in the bulk phase of the intestinal contents: consequently, there is a gradient down which bile acid molecules can back-diffuse into the bulk phase of the intestinal contents to be reutilized in the creation of new mixed micelles as additional amounts of free cholesterol and FA are generated from -dietary lipids. In a very real sense, the bile acid micelle acts as a shuttle between the bulk intestinal contents and the aqueous-microvillus interface.
In addition to this general description, sufficient data also are now available to define the system in more quantitative terms, as shown by the data in Table I , from which several additional points of major physiological importance can be derived. First, if there were no unstirred water layer in the intestine then the maximum Jd that could be achieved for any lipid would necessarily equal the maximum aqueous solubility of that lipid (column B) times its passive permeability coefficient (column C). Since, in the case of the FA series, maximum solubility decreases by a factor of 2.32 for each -CH2--group added to the hydrocarbon chain while the passive permeabili,ty coefficient increases by a factor of only 1.58, it follows that the product of these two values, i.e., the maximum Jd, decreases by a factor of 1.47 for each carbon atom added to the FA chain. Thus, the more hydrophobic a molecule, the lower will be i.ts maximum rate of movement into the mucosal cell. Conversely, -the conversion of a lipid to a relatively more polar form, e.g., the hydrolysis of cholesterol esters to free cholesterol, or of triglyceride to P-monoglyceride and free FA, will significantly increase the maximum rate of membrane ,translocation that can be achieved. It -should be emphasized that this situation occurs because the microvillus membrane in the intestine, as well as in other tissues that have been examined (6, 7, 12, 21) , has been shown to be a relatively polar structure: the incremental free energy change, for example, associated with -the addition of a substituent group like the -CH2 moiety, equals only -258 cal mol' for the rabbit intestine (7) . If this value were greater than -517 cal mol' then the opposite situation would prevail and the more hydrophobic members of the series would attain higher absolute rates of mucosal uptake.
Second, in the presence of a significant unstirred water layer this maximum Jd is reduced to the extent that the diffusion barrier exerts an additional resistance to the molecular uptake. Under circumstances where the The data in column B were derived from the experimental values for maximum solubility shown in Fig. 7 . The natural logarithms of these values were first plotted against FA chain length and gave a linear regression curve with the formula y = 9.722 -0.842x: the values for the maximum solubility of each FA shown in column B were then calculated using this expression. Similarly, the data in column C were derived from the experimentally determined permeability coefficients given in Table V (7) . The data in column F were calculated as the product of the appropriate values in columns B and C. The data in column G illustrate the relative effect of bile acid micelles in facilitating uptake of each FA. No experimentally determined permeability coefficient was available for cholesterol: however, the maximum solubility of monomers (column B) was taken as 40 nM from reference 26 and the maximum Jd in the presence of bile acid micelles (column F) was experimentally determined in this study (Fig. 4) . Assuming that the aqueous phase against the microvillus membrane was saturated with cholesterol molecules, P was then calculated by dividing 1.60 nmol -min-'100 mg-' by 40 nM (column C). The maximum Jd in the absence of bile acid micelles (column E) was then calculated as described above. (1, 3, 4, 22, 23) .
Finally, there are two areas of uncertainty in these -studies that should be emphasized. First, it is possible that bile acids might also affect other steps in the overall process of fat absorp.tion such as the rate of chylomicron formation or delivery into the lymph: however, while the rate of delivery of lipids into the circulation with respect to time may be determined by the rate of chylomicron formation and movement out of the initestinal mucosal cell, other data suggest that the mass of lipids ultimately reaching the circulation is determined by the translocation step in the microvillus border. Second, the mathematical formulations presented in this paper and the data derived in Table I are predicated upon the assumption that the various probe molecules exist in aqueous solution predominantly in monomer form. This point of view is supported by the studies of Simpson and associates (24) , and of Sallee (25) , and by the data presented in panel A of Fig. 4 . Nevertheless, there is still controversy as to whether significant association of the longer chain length FA does occur under physiological conditions and, furthermore, there is little data on the nature of the chemical species of cholesterol that may exist in aqueous solution. If significant complexing does occur, however, it would not alter the conclusions derived froni analysis of equations 9 and 10 since such association should accentuate the differences in behavior of the J term in the two models rather than obliterate these differences.
